A model is developed for examining thermal-energy transfer from the arc to the rails in an arc-driven rail gun. Resistive heating within the rails is also accounted for, though the contribution to the rail temperature from this mechanism is frequently negligible. Melting of the rail surface is allowed in the model, but it is assumed that the melted material is swept away and absorbs no further energy. A set of differential equations is derived which, when solved, yield the temperature, magnetic induction, and current density ( within the rail, as well as the mass lost from the rail surface. Both numerical and limiting-case analytic solutions to the equations are presented, and approximate expressions are obtained for the "time to melting" and the steady-state "melting velocity" of the rail surface.
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? INTRODUCTION 1 2 In recent work, one-and two-dimensional calculations of the properties of arcs in arc-driven rail guns were carried out. The principal purpose of that work was two-fold. First, we wanted to determine the most reasonable arc materials and whether, by a judicious choice of material, we could control the arc's thermodynamic properties. Second, we wanted to provide the basis for investigating what erosive effects the arc had on the rails and projectile.
In the present work we undertake a preliminary investigation of what the erosive effects are.
Specifically, we wish to provide a simple model for determining thermalenergy generation in and transfer to the rails, and for assessing the damage to the rails caused by that thermal energy. The energy generated in the rails will be assumed to arise from ohmic heating, while that transferred from the arc to the rails will be assumed to be radiative. Although extensive experimental work designed to examine carefully rail damage has not been carried out, early work has indicated the greatest damage near the breech end of the gun, but practically none farther down the gun tube.
It is not clear, however, that even at the breech end, the damage is thermal in origin and it is important to determine theoretically under what conditions such damage might be significant.
The model used in Refs. 1 and 2 is shown schematically in Pig. 1. Initially, the rails (the upper and lower sides in the figure), which are infinitely extended in the z direction, are supplied a pulsed current i which is assumed to be constant in time and which flows in the direction indicated. In our previous work the rails were assumed to be perfect conductors so that the current was carried only along their inner surface and their thickness was insignificant; in the figure, however, we have indicated the finite thickness d of the rails. For finite conductivity, of course, the current is carried within some skin depth A from the rail surface. The current is also conducted through the arc which has length I . The resulting current configuration then a produces a magnetic field between the rails in the space bounded by the power supply and the arc, as well as in the arc itself. This induction field, in turn, interacts with the current through the arc producing a high-pressure plasma which accelerates the projectile, shown by the shaded area, in the x direction. One-and two-dimensional calculations were undertaken to determine the properties of the arc under the assumption that those properties were steady as seen by an observer in the accelerating reference frame. Some justification for the steady-state approximation was given for the acceleration times of interest .
In the present calculation we wish to consider the problem of thermalenergy transfer from the arc to the rails. For completeness, we will also account for resistive heating in the rails, though in most practical problems 1 resistive heating is insignificant compared to heating from the arc, especially if the rail thickness is comparable to or larger than the electrical skin depth.
Consider the point x Q in Fig. 1 . When the leading edge of the arc reaches the point, the temperature there will rise both because of heat transfer from arc to rail, as well as because of ohmic heating initiated in the rail once current begins to flow. Once the arc has completely passed x Q , radiative transfer from arc to rail is assumed to be small, though the temperature in the interior of the rail still rises because of ohmic heating.
If and when the temperature at the rail surface reaches the melting temperature, T , the temperature there will remain constant but the surface will recede from its initial position at y = 0. Therefore, the location of the rail surface is a time-dependent quantity given by y = s(t) , and the magnitude of s(t) is indicative of the mass lost at the gun-tube surface due to melting. We want to calculate the location of the surface as well as the temperature, magnetic induction, and current density within the rail. The calculation is characterized by a number of assumptions made to make the analysis as simple as possible.
Perhaps the most significant is that the arc-dynamic problem can be uncoupled from the rail-heating problem. Tt is, for example, assumed that the radiation flux from the arc incident on the surface of the rails is independent of time and unaffected by the rise in the rail temperature. As has been argued before, such an assumption is clearly reasonable since the arc temperature is more than an order of magnitude higher than that of the rails. The arc serves, therefore, essentially as a hightemperature reservoir whose thermodynamic properties are nearly steady, while those of the rails are quite unsteady.
It is also assumed that the magnetic flux density at the rail-arc interface varies linearly from zero at the front of the arc to uj at the back of the arc. Here u is the magnetic permeability and j is given by d j = / J (x y) dy, (1.1) 0 where j is the current density in the rails and d is the rail thickness. That the induction field should take on these values in front of and behind the arc can be proved easily by Ampere's law. While the linear variation at the interface is not strictly correct for the problem at hand, it would be valid if the rails were perfect conductors and if the conductivity of the arc were constant, and it is nearly valid for more realistic values of the arc conductiv-1 ° ity. ' For rails which are not perfect conductors, determining the value of the induction field at the interface would necessitate solving the magnetic diffusion equation in both the rails and arc, and applying the appropriate boundary conditions at the interface. For such a calculation the electromagnetic properties of the arc are coupled to those of the rails. We expect, however, that since the rail conductivity is several orders of magnitude higher than that of the arc, the assumption of perfect conductivity is satistory for determining the interface boundary condition. Furthermore, any errors made in such an assumption should be insignificant since, in practical problems, while the arc is in contact with the point x Q , the dominant mechanism for heat production there is radiation from the arc.
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The second principal assumption is that all the radiative flux from the arc that is incident on x is absorbed by the rails, just as if the arc were radiating into a vacuum. No doubt some of this incident energy is reflected back into the arc, but it is difficult to estimate how much.
Furthermore, by assuming total absorption, we should overestimate the erosive effects on the rails and can easily alter the heat flux when more reliable estimates are known. The third major assumption is that any melted portion of the rails is "swept away" by the motion of the arc so that the radiation flux is always incident on the solid rail surface.
It might appear that such an assumption would be unreasonable because one would expect that the liquid rail material would remain on the surface because of inertial effects during the time of interest (tens of microseconds). However, for the problem at hand, the pressures at the rail surface are of the order of hundreds of atmospheres and these large pressures may indeed produce large-scale motion during the time of contact. At any rate, the assumption should again overestimate the erosive effects since none of the energy is expended in heating the liquid or gaseous phase.
Three additional assumptions in the calculation merit brief mention. First, we will neglect diffusion within the rail of both the magnetic induction field and the temperature in the direction of propagation, and assume that it occurs only in the y direction. The assumption is likely to be valid for projectile velocities that are high compared to the speed with which both quantities can diffuse into the rail. Such is the case in any practical experiment. Second, we will assume that the major form of energy transport within the rails is ordinary heat conduction and will neglect radiation. That radiation is negligible below the melting temperature of rail materials is easily demonstrated. Finally, we neglect the temperature dependence of the electrical and thermal conductivities and of the specific heat of the rails. This assumption is made partly because reliable expressions are not known everywhere in the temperature range under consideration, and partly because analytic solutions can be obtained in special cases and these provide a useful comparison with the numerical solutions.
II. FORMALISM
Consider point x n in Fig. 1 and note that prior to acceleration the leading edge of the arc is located at x = 0. Then since the acceleration a is constant, the arc velocity when the leading edge reaches x n is given by Equations (2.5), (2.6), (2.12) and (2.16) are now sufficient, with the boundary conditions discussed, to determine the temperature, magnetic induction, current density, and boundary location. It must be remembered, however, that melting will temporarily cease if T(s,t) drops below T , and in that case, -r-becomes zero. It is convenient to transform the governing equations to a frame of reference that moves with the melting boundary, so we let 
III. CALCULATIONS A. Special-Case Analytic Solutions
We will be concerned primarily in this section with obtaining numerical solutions to Eqs. (2.18)-(2.21). Prior to undertaking the numerical calculations, however, it is useful to carry out some special-case analytic solutions for checking the computer program as well as giving some physical iniight into the nature of the solution when special conditions apply.
It will be assumed in this section that the rails are infinitely thick, an assumption that is reasonable provided the rail thickness d is large compared to the electrical skin depth. This condition is satisfied in all cases that will be considered. 
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The integral can be evaluated as before by using Eqs. (3.5) and (3.6) and we find 1/2 2 i- 
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The nontrivial solution arises when Q, the constant flux radiated from the arc, is nonzero. Therefore, one can expect such a steady solution to be achieved provided that the arc is in contact with x Q long enough for a steady state to be achieved.
B. Numerical Analysis
To solve Eqs. (2.18)-(2.21), we divided the (n,tj plane into a grid, represented the derivatives by second-order finite differences, and solved by the standard implicit technique.
Not only were numerical calculations carried out for cases of general interest, but also for cases corresponding to the special-case analytic solutions in Sec. Ill A. We could thereby check the validity of the computer program as well as determine suitable step sizes An and At. For all cases undertaken, we found acceptable values of An and At of the order of 5 X 10 m and 5 X 10" s, respectively, while the arc was in contact with the point x • some time after the arc had passed, however, and radiation was assumed negligible, we were able to increase At by an order of magnitude or more.
We have performed calculations in which we both neglected and included the resistive-heating losses. We consistently found, however, that for all cases of interest to us (very high-temperature arcs and rails whose thickness was greater than or comparable to a skin depth), the resistive contributions were utterly negligible. Therefore, in the discussion which follows, the resistive terms have been neglected. Doing so immensely facilitates numerical calculations because the speed at which the magnetic field diffuses into the rail is much larger than the speed at which the temperature diffuses. Consequently, when considering the negligible resistive losses, it was necessary to employ far more grid points in the calculation than was necessary in the simpler case. [The resistive contribution to the temperature rise was found to be negligible in this experiment. Therefore, J was set equal to zero in Eq. (2.20) and Eqs. (2.18) and (2.19) were not solved.]
C. Analysis of Jamison-Burden Experimental Results
In
In doing such an analysis of course it is necessary to assume that all significant parameters associated with the rail gun change in a quasi-static manner since the original derivations were for steady-state operation.
In Table I 
K.A. Jamison and U.S. Burden (private communication) .
Results of the numerical calculation at the point x = 0.156m are shown in Figs. 2-5. In Fig. 2 are four temperature profiles. Profile A shows the temperature distribution as a function of depth just prior to the time melting begins. The temperature at n = 0 is about 1335 K and the arc has been in contact with x Q for 12 us. A nonnegligible rise in the rail temperature can be seen for about 100 urn beyond the rail surface at n ■ 0. Profile B shows the temperature distribution within the rail at time t = 57 us. As can be seen from the value of t Q in Table I , this time is just prior to the time that the arc leaves x n . The temperature at n = 0 is, of course, T = 1360 K. The exu m tent to which Profile B is approximated by the steady-state result can be seen by comparing Profiles B and C, since Profile C is just a graph of Bq. (3.18) . As can be seen, the steady-state result has nearly been reached. Finally, Profile D shows the temperature distribution at t = 90 us, i.e., long after the arc has passed. Melting has ceased as would be expected and the temperature at the surface has fallen by nearly a factor of two.
It should be noted that in terms of the original location of the rail surface, curves B and D have been shifted by about 60 um (see Fig. 5 ) because of rail melting.
In Fig. 3 is plotted the temperature of the rail surface (located at n, = 0) as a function of time. We observe a steady, rapid rise in the temperature for about the first fourteen microseconds until the melting temperature T is reached. The time to melting can be predicted analytically from Eq. (3.13). Subsequently, the temperature at the surface remains constant until the arc has passed (t ^ 59 us). Continuous cooling then follows as heat is conducted into the bulk of the rail.
In Fig. 4 is shown thermal-energy transport model. Surely the greatest source of uncertainty in these data is for the arc length I . Indeed, this quantity was unknown in our a previous work and a value of the order of 10 cm was assumed, as had been done g in previous arc-dynamic calculations.
Input data and results for two calculations are shown in Table II Uncertainty in these input data suggests the need for additional work, both theoretical and experimental. On the theoretical side, two major problems are evident. First, it would be very desirable to obtain a theoretical prediction of the arc length in rail-gun accelerators. A study of this problem is difficult and would be likely to involve a rather detailed understanding of how arcs are formed initially and how they change during the course of acceleration. A second theoretical problem is to investigate the nature of the contact potential that no doubt exists at the rail-arc interface. A theoretical estimate of the magnitude of this potential would clearly allow us to
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• ascertain what fraction of the measured potential actually results from a resistive drop across the plasma.
From the experimental viewpoint, more data concerning the properties of the arc at various points along the gun tube are much needed. Jamison and Burden have made significant progress in the problem of arc diagnostics, as is evident from the data quoted herein, but more work remains to be done. Some experimental analysis of rail erosion would also be beneficial. Work on this problem has been initiated by Jamison and Burden using the experimental nuclear technique of thin-layer activation.
Some preliminary results have been obtained but more detailed measurements are desirable.
It is hoped that as more data concerning arc properties become available, the model under study here can be used more successfully to predict thermal damage to the rails. It would also be beneficial in the future to study other types of damage (say, mechanical) both theoretically and experimentally. See 
